Introduction
Gene therapy, as a promising treatment for many human modalities, encompasses efficient potentials for treating cancers that have failed conventional therapies. The use of suicide gene transfer for the therapy of cancer has been studied extensively. [1] [2] [3] [4] [5] [6] The principle underlying metabolic suicide gene therapy is the conversion of a relatively nontoxic prodrug to its toxic metabolite by an enzyme expressed by the suicide gene, which is not normally present in the eukaryotic cells. Several enzyme/prodrug systems, such as herpes simplex thymidine kinase (HSVtk), E. coli cytosine deaminase (CD) and varicella zoster thymidine kinase, have been developed for the treatment of tumors both in animal models and in patients. [7] [8] [9] [10] [11] CD enzyme exists in many bacteria and fungi but not in mammalian cells. 5-Fluorocytosine (5FC), being widely used for the treatment of fungal and bacterial infections, could be metabolized by CD to 5-fluorouracil (5-FU), a highly toxic agent for the therapy of various kinds of tumors. The growth of tumor cells modified to express CD could be significantly inhibited by 5FC both in vitro and in vivo. Virus-directed enzyme/prodrug therapy (VDEPT), an approach exploiting the transcription differences between normal and neoplastic cells, has been used for the selective expression of CD in colorectal carcinoma cells. 12, 13 Therapy with suicide gene transfection was sometimes effective, but at other times it was reported to be not efficient in the induction of antitumor immunity, and tumor recurrence or metastasis often occurred after therapy. 2, 14, 15 Direct transfer of cytokine genes into the tumor-bearing host has been demonstrated to be effective for the inhibition of tumor growth. We have shown that intratumoral injection of recombinant vaccinia virus encoding granulocyte-macrophage colony-stimulating factor (GM-CSF) could exhibit significant antitumor response in melanoma-bearing mice. 16 Tumor cells transduced with cytokine genes showed increased immunogenicity and decreased tumorigenicity. Tumor vaccine prepared with cytokine gene-modified tumor cells not only induced cellular immunity to protect against the same cells but also elicited protective immunity to the parental tumor cells. 17 The therapeutic efficacy of one cytokine gene transfection is often not satisfactory especially in pre-established tumors. We have reported that combined transfer of two cytokine genes, or transfer of one cytokine gene in combination with certain agents, such as interleukin 2 (IL-2) or chemotherapeutic drugs, could greatly increase the therapeutic efficacy and induce obvious antitumor immunity of the host. [18] [19] [20] GM-CSF-secreting tumor cells were found to stimulate potent, specific and long-lasting antitumor immunity. 21, 22 It was reported that GM-CSF gene-modified tumor vaccine exhibited most efficient antitumor efficacy among various cytokine genemodified vaccines because the locally produced GM-CSF could stimulate the proliferation and differentiation of antigen-presenting cells, thus augmenting the antitumor response of the host.
In this report, we hypothesized that combined use of GM-CSF gene and CD suicide gene therapy might have more significant antitumor effects than GM-CSF gene therapy or CD suicide gene therapy which were proved to be not satisfactory when used alone. To test this hypothesis, we treated melanoma-bearing mice with adenovirus expressing murine GM-CSF in combination with adenovirus expressing E. coli CD followed by 5FC administration. Inhibition of tumor growth and prolongation of survival period were observed more obviously in tumor-bearing mice after combined therapy when compared with GM-CSF gene therapy or CD suicide gene therapy alone. The mechanisms of the antitumor response were also studied in this investigation.
Results
Inhibition of tumor growth and prolongation of survival period in tumor-bearing mice after combined therapy C57BL/6 mice were inoculated s.c. with 1 × 10 5 B16F10 melanoma cells and treated with PBS, AdlacZ/5FC, AdCD, AdCD/5FC, AdGMCSF or AdCD/5FC in combination with AdGMCSF (AdCD/5FC/AdGMCSF). The results in Figure 1a demonstrated that inhibition of melanoma growth could be observed most significantly in mice after the treatment with AdGMCSF in combination with AdCD followed by continuous injection of prodrug 5FC (AdCD/5FC/AdGMCSF) when compared with that in mice treated with control adenovirus AdlacZ/5FC, AdCD, AdCD/5FC, or AdGMCSF alone (P Ͻ 0.01). AdCD/5FC or AdGMCSF therapy alone also showed a marked inhibitory effect on tumor growth when compared with PBS control group (P Ͻ 0.05). Neither AdlacZ/5FC nor AdCD treatment without 5FC administration elicited antitumor effects in tumor-bearing mice.
Ten tumor-bearing mice in each group were observed for their survival period. The results in Figure 1b demonstrated that the mice which received combined therapy of AdCD/5FC/AdGMCSF were able to survive much longer than all the other mice which received control therapies (P Ͻ 0.01).
Five of 10 mice after AdCD/5FC/AdGMCSF combined therapy, one of 10 mice after AdGMCSF therapy and two of 10 mice after AdCD/5FC therapy were found to be tumor-free and lived more than 90 days, while the control animals after PBS or AdlacZ/5FC treatment died within 2 months.
Induction of more potent specific antitumor immunity in mice after combined therapy with AdCD/5FC/AdGMCSF Splenocytes from the dead tumor-bearing mice after various therapies were used in cytolytic assays against YAC- Cr release assay. No increased NK activity was observed in mice after combined treatment when compared with that in mice in other groups, suggesting that the antitumor effect of AdCD/5FC/AdGMCSF was not mediated through the augmentation of NK activity (Figure 2a) . Activity of cytotoxic T lymphocytes in spleen was tested utilizing B16F10 tumor cells as targets. The data in Figure 2b demonstrated that the lymphocytes from AdCD/5FC and AdGMCSF treated mice showed an obvious increase of cytotoxic activity against B16F10 cells when compared with these lymphocytes from PBS, AdlacZ/5FC, AdCD/5FC or AdGMCSF-treated mice (P Ͻ 0.01). The cytolytic activity of lymphocytes in AdGMCSF-treated mice against B16F10 cells was also found to be higher than that in PBS, AdlacZ/5FC, or AdCD/5FC-treated mice (P Ͻ 0.05). No cytotoxicity effect was found with these lymphocytes when syngeneic erythroleukemia FBL-3 cells were used as targets. These data suggested that the augmentation of tumor-specific immunity, not nonspecific immunity, might be involved in the antitumor response of the combined therapy. + T cell infiltration in tumors was observed in mice after combined therapy than that in mice after treatment with AdlacZ/5FC, AdCD/5FC or AdGMCSF. To determine if dendritic cells infiltrated into the tumor mass after various treatments, monoclonal antibody against NLDC145, a specific marker of dendritic cells, was used to label the dendritic cells in tumor cell suspension. The results in Figure 3 showed that the tumors in mice after administration with AdGMCSF or AdCD/5FC/AdGMCSF were infiltrated with dendritic cells, while few dendritic cells were found in AdlacZ/5FC-or AdCD/5FC-treated mice. These data suggested that augmentation of immunity in the micro-environment of the tumor could be achieved through the induction of CD8 + T cells and infiltration of dendritic cells after the combined therapy with AdCD/5FC and AdGMCSF.
Mechanisms involved in the antitumor effects of suicide gene therapy First, we used flow cytometry for the determination of the apoptosis of tumor cells both in vitro and in vivo after treatment with AdlacZ/5FC, AdCD/5FC, AdGMCSF or AdCD/5FC/AdGMCSF. The results in Figure 4 illustrated that neither treatment of the B16F10 melanoma cells with AdlacZ/5FC nor with AdGMCSF induced apoptosis both in vitro and in vivo. Obvious apoptosis was found with the B16F10 cells after treatment with AdCD/5FC, with or without AdGMCSF injection.
Second, in order to confirm further the assumption that antitumor immunity of the tumor-bearing mice was induced after the combined therapy, we have carried out another experiment using ex vivo AdCD/AdGMCSF transfected cells and in vivo tumor challenge. B16F10 cells were transfected with AdCD/AdGMCSF at MOI of 20:1, and 10 5 virus-transfected tumor cells were inoculated s.c. into C57BL/6 mouse. Twenty-four hours after tumor inoculation 5FC 300 mg/kg was administered s.c. for 7 consecutive days. One week after the final injection of 5FC, PBS, 5 × 10 , or 2 × 10 5 wild-type B16F10 cells. No palpable tumors were found in mice in these three groups 4 weeks after tumor challenge. These data suggested that AdCD/AdGMCSF transfection followed by 5FC administration generated potent antitumor immunity of the host.
Discussion
Suicide gene therapy is now widely investigated for the therapy of malignant tumors, selective killing of parasites, control of HIV infection, allogeneic bone marrow transplantation, and vascular smooth muscle cell proliferation, in which suicide gene expression in target cells renders them susceptible to killing by a non-toxic prodrug. 3, [23] [24] [25] [26] A recent study has demonstrated that glioma cells transduced with a CD/HSVtk fusion gene could exhibit enhanced metabolic suicide and radiosensitivity. 27 Tissue-specific promoters such as alpha-fetoprotein (AFP), carcinoembryonic antigen (CEA) or ERBB2 transcriptional regulators were used for selected delivery of suicide genes into tumors. [28] [29] [30] A phase I-II clinical study of the treatment of metastatic malignant melanoma using suicide gene therapy suggested that the localized tumoricidal activity may trigger a more general antineoplastic action, by facilitating a specific antitumoral immune response. A therapeutic trial on recurrent brain tumors or metastases has been conducted in the USA using a similar approach. 31 The mechanisms of antitumor response by suicide gene therapy were found to be related to the induction of antitumor immunity and transfer of toxic drug metabolites. 32, 33 When cytokine genes were transferred for the therapy of established cancer, the antitumor immunity of the host could be augmented but it was usually too weak to eradicate established tumors. When CD suicide gene was transfected in vivo followed by the administration of prodrugs, the pre-established tumors could be easily eradicated, but it lacked the ability to induce an efficient antitumor immune response in the host. In this study adenovirus harboring CD gene or murine GM-CSF gene were used simultaneously for gene transfer in melanoma-
Figure 3 FACS analysis of MHC-I, B7-1 molecule expression on freshly isolated tumor cells, and CD8 + T cells, dendritic cells infiltrated in tumor mass of tumor-bearing mice after adenovirus-mediated CD suicide gene and/or murine GM-CSF gene therapy followed by 5FC administration. Monoclonal antibodies against MHC-I (H-2D b ), B7-1, dendritic cells (NLDC145) and CD8 + T cells were used for FACS analysis. A Becton Dickinson FACScalibur flow cytometer was used for flow cytometry.
bearing mice. Significant inhibition of pre-established tumor growth and prolongation of survival period were observed in mice after the combined therapy with AdCD/5FC/AdGMCSF. Chen et al 34, 35 have investigated the effectiveness of combination therapy using a HSVtk suicide gene and an IL-2 gene for the treatment of metastatic colon carcinoma in the mouse liver. When poorly immunogenic tumor cells were genetically transduced to simultaneously express the cytokine IL-6 and CD, the tumor cells (205-IL6-CD) became highly immunogenic and could be rejected by normal mice without 5FC treatment. Mice with pre-existing wild-type pulmonary micrometastases exhibited prolonged survival and an increased rate of cure when treated with live 205-IL6-CD cells as a therapeutic vaccine. 36 When tumor cells expressing IFN␣ gene and HSVtk gene were used as vaccine for the treatment of Friend erythroleukemia tumors, complete tumor rejection and cure was observed in more than 70% of the animals. 37 These data demonstrated that the combination of cytokine and suicide gene therapy could be more efficient in the induction of antitumor immunity of the host.
Dendritic cells are professional antigen-presenting cells that play a major role in T cell-mediated immune responses. Recent studies have demonstrated that dendritic cells actively participated in the process of specific tumor antigen presentation. Several studies have documented that CD8 + T cells stimulated by dendritic cells could elicit potent antitumor response. 38, 39 Adenovirusmediated GM-CSF gene transfer in vivo was reported to induce dendritic cells to infiltrate into tumor mass. 39 A large number of dendritic cells were also reported at the site of inoculation with GM-CSF-transfected melanoma cells. 21, 40 In this study we found obvious infiltration of dendritic cells in tumor mass after AdCD/5FC/AdGMCSF therapy. The mechanisms involved in the augmentation of tumor-specific immunity by locally produced GM-CSF is still not clear. The dendritic cells may be derived from the differentiation of hematopoietic precursors induced by GM-CSF, 41 and the presence of GM-CSF at the site of the tumor may attract dendritic cells from surrounding tissues. 39 These dendritic cells may play important roles in the processing and presentation of tumor antigens released from AdCD/5FC killed tumor cells, thus enhancing the induction of specific antitumor immune response.
Expression of MHC class I molecule (H-2D b in C57BL/6 mouse) and B7-1, a well identified costimulatory molecule, is very important for the presentation of tumor antigen and the activation of CD8 + T cells. Ramesh et al 42 have found that expression of costimulatory molecules B7 and ICAM could be up-regulated after transfection with the HSVtk suicide gene. In the present study, we have demonstrated that expression of H-2D b and B7-1 on freshly isolated tumor cells increased markedly after CD suicide gene therapy in combination with GM-CSF gene therapy. We speculated that the tumor cells, with increased MHC-I and costimulatory molecule B7 expression, may serve as the source of tumor-specific antigen, as well as antigen-presenting cells. In order to investigate if this altered micro-environment of tumor affected the antitumor properties of host lymphocytes, we studied the effector functions of lymphocytes both in the spleen and the tumor mass. Consistent with the above results, we have also demonstrated that more CD8 + T cells infiltrated into and around the tumor mass after combined gene therapy. Cytotoxicity analysis showed that NK activity of the splenocytes did not change markedly after combined therapy, but the activity of specific cytotoxic T lymphocytes from the spleen in tumor-bearing mice treated with AdCD/5FC in combination with AdGMCSF gene transfection increased significantly. The increase in the CTL activity suggested that the antitumor effect of the combined therapy might be through the induction of specific antitumor immunity, not non-specific NK activity, of the melanoma-bearing mice.
In vivo transfer of CD gene followed by 5FC administration is currently being frequently evaluated in animal models for the gene therapy of cancer. Its therapeutic effect is based on a 'bystander effect' whereby CD genemodified tumor cells are toxic to nearby unmodified tumor cells when exposed to the antiviral drug 5FC. Induction of antitumor immune response of the host is obviously very important for its mechanisms of tumor cell killing. We also found obvious apoptosis of tumor cells both in vitro and in vivo induced by AdCD/5FC treatment, and the released antigen from the dead tumor cells might be harvested and processed by the GM-CSF activated antigen-presenting cells. This is different from ganciclovir, which is metabolized by HSVtk and elicits 'bystander effects' via the 'gap junction' of the tumor cells. 43 Immunization with CD/GM-CSF gene transfected B16F10 melanoma cells followed by 5FC administration generated significant protection against challenge with wild-type B16F10 melanoma cells. Therefore, these findings might help to understand the mechanism of more significant tumor cell killing in vivo using CD gene transfection followed by 5FC administration in combination with GM-CSF gene transfection.
In conclusion, we have shown that combined transfer of E. coli CD suicide gene and GM-CSF gene followed by continuous injection of prodrug 5FC could inhibit the growth of pre-established melanoma synergistically, partially through the efficient induction of specific antitumor immune response. We speculated that the tumor cell debris formed after AdCD/5FC treatments was processed and presented to the immune system of the host by antigen-presenting cells, for example, dendritic cells induced by GM-CSF gene transfection. In addition, the tumor cells, which expressed more MHC-I and B7 molecules after AdCD/5FC/AdGMCSF combined therapy, might activate antitumor immune response by acting as antigen-presenting cells themselves. The combined therapy, being able to address the drawbacks of cytokine gene therapy or suicide gene therapy which were proved to be not satisfactory when used alone, might be of great interest for gene therapy of cancer.
Materials and methods

Animals and cell lines
Male or female C57BL/6 mice, 6-8 weeks of age, purchased from Joint Ventures Sipper BK Experimental Animals, Shanghai, China, were housed for 1 week in a specific pathogen-free state for experiment. B16F10, a subclone of B16 melanoma cell line from C57BL/6 and 293, a continuous cell line derived from human embryonic kidney were maintained in RPMI-1640 medium supplemented with penicillin 100 U/ml, streptomycin 100 g/ml, 2-mercaptoethanol 50 mmol/l and 10% fetal calf serum (FCS). All culture media were purchased from Gibco-BRL (Gaithersburg, MD, USA) and FCS provided by Shanghai Institute of Biological Products, Shanghai, China.
Preparation of recombinant adenoviruses
Three replication-defective recombinant adenoviruses, AdlacZ (harboring the ␤-galactosidase gene), AdCD (harboring the E. coli CD gene), and AdGMCSF (harboring the murine GM-CSF gene), were constructed from human adenovirus serotype 5 using homologous recombination. 21, 44 The expression of these genes was driven by a CAG promoter. The recombinant adenoviruses were propagated with 293 cells and the titers of the adenoviral preparations were determined by plaqueforming assay on 293 cells. Briefly, serial 10-fold dilutions of adenovirus were added to 24-well plates (Corning, NY, USA), containing confluent 293 cell monolayers. After 48 h of incubation in a humidified atmosphere, the end point of 50% infectivity was determined according to the cytopathic effect. The recombinant adenoviruses produced were diluted to a titer of 10 10 p.f.u./ml in PBS and stored at −70°C.
Experimental groups and therapeutic regimens B16F10 melanoma cells were taken from continuous culture and resuspended in PBS without FCS for inoculation into mice. C57BL/6 mice were inoculated s.c. with 1 × 10 5 B16F10 cells. Three days after tumor inoculation, the tumor-bearing mice were divided into six groups with 15 mice in each group and the mice in each group were injected intratumorally with any of the following preparations:
PBS, AdlacZ, AdCD (without 5FC administration), AdCD, AdGMCSF, AdCD plus AdGMCSF. Injections of the viruses of 10 9 in 0.1 ml PBS were performed 3 days after the inoculation of tumor cells and a booster of the same injection was given after 7 days. Twenty-four hours after the first injection of adenoviruses 5FC (Sigma, St Louis, MO, USA) 300 mg/kg was injected daily i.p. into AdlacZ-, AdCD-, or AdCD/AdGMCSF-treated mice for 10 consecutive days. The length and width of the tumor mass were measured with a caliper every other day after tumor inoculation and the tumor volume were expressed as 0.5 × length × width 2 .
Cytotoxic assay Splenic lymphocytes were isolated from dead tumorbearing mice 3 days after the last injection of 5FC and directly used as NK effector cells. The lymphocytes were cocultured with inactivated B16F10 cells for 7 days, and then collected as CTL effector cells. The NK activity and CTL activity were determined by a standard 4-h Flow cytometry analysis A tumor nodule was taken from the dead mice 3 days after the administration of 5FC and the tumor mass was minced. The tumor cells or infiltrated lymphocytes were isolated from the cell suspensions utilizing FicollHypaque solution. The isolated tumor cells were confirmed to be free of infiltrated immune cells by means of histochemistry. The tumor cells were incubated with optimal concentrations of PE-conjugated monoclonal antibodies against MHC-I (H-2D b ) or B7-1 (Pharmingen, San Diego, CA, USA) for 30 min at 4°C. The tumor cells were washed three times with cold PBS and resuspended in PBS containing 1% formaldehyde. The lymphocytes were incubated with rat anti-mouse CD8 monoclonal antibodies (Pharmingen) for 30 min followed by washing with cold PBS three times. The lymphocytes were then incubated with FITC-conjugated goat anti-rat IgG. The lymphocytes were washed with PBS and resuspended in PBS containing 1% formaldehyde. The tumor cell suspension without separation was directly used for dendritic cell analysis with rat anti-mouse monoclonal antibody NLDC145 (gifts from Dr Z Qin, MDC, Germany) as mentioned for CD8
+ T cell analysis. Control incubations used for determining levels of background staining with the second antibody were irrelevant normal rat anti-mouse IgG. Flow cytometry was analyzed on a FACScalibur flow cytometer (Becton Dickinson, San Jose, CA, USA).
Apoptosis assay of B16F10 cells
To determine if apoptosis of tumor cells participated in the process of the bystander effect, we analyzed the percentages of tumor cells undergoing apoptosis. B16F10 cells from continuous cultivation in vitro were infected with adenoviruses at a MOI of 20:1 for 24 h followed by incubation with 3 mm 5FC for another 24 h at 37°C, or B16F10 cells isolated from dead tumor-bearing mice were stained and apoptosis determined on a Becton Dickinson FACScalibur flow cytometer.
Statistics
All experiments were run in triplicate and the results are means ± s.d. of triplicate determinations. Statistical analysis was performed using Student's t test. A P Ͻ 0.05 was considered to be statistically significant.
